Abstract: Invasive, exotic insects and diseases have a devastating effect on North American forests. The rate of spread, or range expansion, is one of the main determinants of an invasive organism's impact, and can play a major role in structuring management response options. To better understand how exotic organisms have spread through our forests, this study employs a consistent, rigorous analytical framework to analyze a comprehensive geospatial database for the spread of seven exotic insects and six diseases. This study includes new data for six insects and two diseases in combination with five invasive species previously analyzed using the same technique. The quantile regression analysis of over 3000 records of infestation over the preceding century show that the rate of spread of invasive forest insects and diseases ranges from 4.2 km¨year´1 to 57.0 km¨year´1. The slowest disease spread was white pine blister rust (Cronartium ribicola) at 7.4 km¨year´1 while the most rapid disease spread was chestnut blight (Cryphonectria parasitica) at 31.3 km¨year´1. The slowest insect spread was balsam woolly adelgid (Adelges piceae) (4.2 km¨year´1) while the fastest was emerald ash borer (Agrilus planipennis) at 57.0 km¨year´1. Species that can fly long distances or are vectored by flying insects have spread faster than those that are passively dispersed. This analysis highlights the difficulty of estimating spread rates from studies of individual dispersal or flight distances, but the estimated spread rates in this study are generally in line with previous estimates.
Introduction
Invasive forest insects and diseases´organisms that damage or kill trees and are not native to the ecosystem´are major threats to forests. Invasive forest insects and diseases have removed dominant tree species, reduced diversity, altered disturbance regimes, and affected ecosystem function in North America. Invasive species can negatively affect forest carbon storage over the long term by altering nutrient availability, primary productivity, and species composition [1, 2] . The effect of invasive organisms is exacerbated by climate change [3] , more frequent extreme climatic events [4, 5] , and forest fragmentation [6] . In addition to their ecological costs, exotic forest invaders have a large economic impact on both forest products and ecosystem services [7] . For instance, just three invasive insects (hemlock woolly adelgid-HWA, emerald ash borer-EAB, and gypsy moth-GM) cause approximately $2.1 billion dollars in damages in the United States annually [8] .
The rate of spread of invasive species through forested ecosystems is a major determinant of management options and response. Understanding the rate and mechanisms of range expansion can help managers reduce transmission, protect areas of special concern, and implement other control measures. For example, understanding rates of spread of invasive species is important in the implementation of biocontrol programs [9] . Rate of spread is also a key input into risk maps and decision support tools [10] . The threat of recently discovered forest diseases, such as sudden oak death (Phytophthora ramorum Werres, de Cock and Man in't Veld), and newly introduced insects, such as Goldspotted Oak Borer (Agrilus auroguttatus Schaeffer), provide a strong motivation for studying how genus Neonectria to establish [24] . This disease was first documented in Halifax, Nova Scotia, Canada in 1890 and by 1935 it had expanded into the United States [24, 25] . WPBR is caused by Cronartium ribicola J.C.Fisch., a heteroecious, macrocyclic rust of five needle pine species (Pinus spp.) [26] . WPBR was first found in North America in 1906, but surveys revealed that infected seedlings had been planted throughout the Northeast as early as 1889 [27] . Dogwood anthracnose (DA) is caused by the exotic fungus, Discula destructiva Redlin, on dogwood (Cornus spp.) trees and was first detected in North America in the late 1970s [28] . Laurel wilt (LW) is caused by Raffaelea lauricola T.C. Harr., Aghayeva, and Fraedrich and spread by Xyleborus glabratus Eichhoff, an exotic redbay ambrosia beetle introduced from southern Asia. LW was first detected in 2002 [29] .
Methods

Geospatial Databases
To estimate rates of spread, I built a geospatial database with the date of infestation and the location for each of the species analyzed. The analysis included data from both the United States and Canada. In the United States, many of the data are at the county level, which average 250,050 ha in size with a median size of 161,183 ha. Tobin and colleagues [30] demonstrated the effectiveness of these types of spatially coarse data for measuring spread of invasive insects, even in comparison to estimates obtained from the more costly deployment of extensive trapping grids. Data of invasion that recorded entire counties as infested were summarized with the centroid of the county. Records of invasions reaching individual cities were treated as point locations.
In building the geospatial database of insect and diseases, inconsistencies arose between infestation records. In these cases, I prioritized reports published at the time of the infestation over more modern records, records from peer-review journals over other reports, and specific records over spatially general records. Tracking infection remains difficult because new infections may go unnoticed or unreported and survey methods vary by location and time. However, even with these caveats, the records assembled here represent the best available information on the spread of a diverse suite of invasive species that have substantially changed the composition and structure of North American forests.
Analytical Methods
The central measure of the rate of spread was distance from point of introduction or first reliable data to each subsequent record of infestation, divided by the number of years between to the two infestations [14] . Some maps depicted the range of an invasive species with isolines of the limits of infection in a specific year. In order to combine these measures of spread with other point data on infection, I measured the shortest distance in any direction from the start of infection to 10 evenly spaced points along each front of infection, i.e., each isoline for each invasive species. For example, the geospatial database for CB was based on a map showing the geographic limits of CB by decade. I measured the shortest distance from the point of initial infestation to each of the 10 equally spaced points along the isoline for each decade. I measured spread using Euclidean distance on a map in equidistant conic projection (central meridian´96˝, first standard parallel 33˝, second standard parallel 45˝, and latitude of origin 39˝). Geospatial analysis was conducted in a geographic information system [31] .
Geospatial records of invasion require analytical methods that are not adversely affected by spatial correlation or heteroscedasticity. The variation of the distance variable increases with time for all of the organisms in this study and it is likely that at least some of the observed data are spatially correlated. While a regression of distance as a function of time can be fitted to these data with the ordinary least squares method, it will provide inefficient estimates of model parameters if the heteroscedasticity and spatial correlation are ignored in the modeling. Instead, I used quantile regression. Because quantile regression tracks the quantile trend, there is no presumption of uniform variance around the [32, 33] . Quantile regression can fit a model to portray the change in the 50th (median) or any other quantile of the distribution of distance as a function of time. While the 50th quantile provides a measure of the central trend of the data, the upper quantiles, i.e., the 90th or 95th, can be considered the unconstrained rate of spread [34, 35] .
The review of the literature and invasive species databases yielded 3008 records of infection or infestation ( Table 1 ). The spread of GM is well documented and I was able to include 542 county records of infestation [36, 37] . In contrast, there are few records of the spread of BWA and this analysis is based on 30 points taken from the isolines drawn by Greenbank [38] . The HWA data are at the county level and include 201 locations [14] . Data from the USDA Forest Service's Changing Midwest Assessment [39] and the Pest Tracker [37] provided 368 county records of PSB infestation. Maps from the Canadian Food Inspection Agency added another 50 location records for the Canadian portion of PSB spread [40] . The first 60 infestation records for SWW came from de Groot and colleagues [46] while the six additional county infestation records for 2010 through 2012 came from the Pest Tracker. The 308 records of EAB infestation came from the Pest Tracker and the Cooperative Emerald Ash Project [44] . The Cooperative Emerald Ash Project provides data on Canadian infestations, but does not maintain an archive of historic infestations. Weston and colleagues provided a county level history of VLB infestation in 46 counties [47] . I used records from Pest Tracker and the Cooperative Pest Survey in Ohio [48] to add another 64 infestation locations.
Gravatt's map [22] provided the only records of CB spread by year. Gravatt's work shows CB infection through 1949, though the entire range of chestnut is now infected. Since no specific infection dates were available after 1949, spread after that year could not be included in the model. Estimates of DED spread were based on 153 records that tied new DED infections to particular counties in the eastern United States (east of the Great Plains) and to 37 point locations in Canada and the United States [13] . Since the western portion of DED spread may have initiated at a different point of introduction it is included as a separate analysis. There were 22 point locations to analysis DED spread in the western United States.
The database of BBD spread locations included 157 points, of which 60 were derived from Houston's map of infection between 1929 and 1975 [24] . The Alien Forest Pest Explorer [41] and the Ontario map [42] provided the additional infection records. The analysis of eastern WPBR relied on 317 records while the western spread of WPBR was based on 124 points [13] . As with DED, eastern and western WPBR infections were analyzed separately (the western portion was west of the Great Plains). To build the database of 380 records of DA infection, I relied on the 1989 through 2006 editions of the Forest insect conditions in the United States report published annually by the USDA Forest Service [43] . The 103 county records of LW infection come from maps provided by the USDA Forest Service that were based on information from state forestry organizations across the southeast [45] .
Results
The key rates of spread are the central trend or median rate (50th quantile) and unconstrained, or maximum spread rate. The maximum spread rate was identified as the greatest quantile estimable for each organism. In most cases this was the 95th quantile, but some organisms the 95th quantile was undefined so the 90th provided the best estimate of the unconstrained spread rate. Figure 1 presents the median spread rates for each insect and disease and Figure 2 shows the maximum spread rates. The estimate for the median rate of GM spread was 11.7 km¨year´1 (90% confidence interval 11.2 to 12.2) while the estimate of the 95th quantile was 14.1 km¨year´1 (90% confidence interval 13.9 to 14.2). For BWA, the estimates were 4.2 km¨year´1 (90% confidence interval 1.8 to 5.3) for the median rate of spread and 5.7 km¨year´1 (90% confidence interval 1.9 to 8.8) for the 90th quantile. The estimates of spread rates for HWA were 12. 317 records while the western spread of WPBR was based on 124 points [13] . As with DED, eastern and western WPBR infections were analyzed separately (the western portion was west of the Great Plains).
To build the database of 380 records of DA infection, I relied on the 1989 through 2006 editions of the Forest insect conditions in the United States report published annually by the USDA Forest Service [43] . The 103 county records of LW infection come from maps provided by the USDA Forest Service that were based on information from state forestry organizations across the southeast [45] .
The key rates of spread are the central trend or median rate (50th quantile) and unconstrained, or maximum spread rate. The maximum spread rate was identified as the greatest quantile estimable for each organism. In most cases this was the 95th quantile, but some organisms the 95th quantile was undefined so the 90th provided the best estimate of the unconstrained spread rate. Figure 1 presents the median spread rates for each insect and disease and Figure 2 shows the maximum spread rates. The estimate for the median rate of GM spread was 11.7 km·year −1 (90% confidence interval 11.2 to 12.2) while the estimate of the 95th quantile was 14.1 km·year −1 (90% confidence interval 13.9 to 14.2). For BWA, the estimates were 4.2 km·year −1 (90% confidence interval 1.8 to 5.3) for the median rate of spread and 5.7 km·year −1 (90% confidence interval 1.9 to 8.8) for the 90th quantile. The estimates of spread rates for HWA were 12.5 km·year −1 (90% confidence interval 9.0 to 15.0) for the median and 20.8 km·year −1 (90% confidence interval 18.0 to 23.0). The PSB spread rate estimates were 16.5 km·year −1 (90% confidence interval 14.0 to19.2) for the median and 59.0 km·year −1 (90% confidence interval 26.6 to 67.6) for the 95th quantile. Estimates for SWW were 30.3 km·year −1 (90% confidence interval 27.0 to 84.1) for the median and 57.4 km·year −1 (90% confidence interval 26.6 to 67.6) for the 95th quantile. EAB had the highest estimate of median rate of spread at 57.0 km·year −1 (90% confidence interval 53.3 to 59.7) and 95th quantile 69.8 km·year −1 (90% confidence interval 60.9 to 86.9). The estimate for VLB median spread was 20. The estimates for the median and unconstrained spread rates for forest diseases were in the same range as those for insects. The estimate of the median spread rate for CB was 31.3 km·year −1 (90% confidence interval 27.2 to 38.8) while the estimate of the 95th quantile was 37.3 km·year −1 (90% confidence interval 37.3 to 37.4). DED was separated into the eastern and western subsets as mentioned above. For DED in the East, the estimate of the median spread was 24.6 km·year −1 (90% confidence interval 3.9 to 31.5) while in the western subset the estimate of the median spread was 14.0 km·year −1 (90% confidence interval 12.5 to 15.1). The estimates for the 95th quantile spread rates for DED was 32.8 km·year −1 (90% confidence interval 27.4 to 47.0) for the East. For the western subset of DED the estimate of the 95th quantile was 25.8 km·year −1 but the confidence interval was undefined. The estimate of the median rate of spread for BBD was 16.3 km·year −1 (90% confidence interval 15.6 to 17.3) and the estimate of the 95th quantile was 19.2 km·year −1 (90% confidence interval 14.1 to 21.6). The results for WPBR are also divided between eastern and western subsets. In the East the estimate of the median WPBR spread was 7.4 km·year −1 (90% confidence interval 6.5 to 8.4) while in the western subset, the estimate of the median spread was 10.0 km·year −1 (90% confidence interval 7.7 to 12.9). Estimates for DA were 12.5 km·year −1 (90% confidence interval 10.8 to 13.9) for the median and 19.9 km·year −1 (90% confidence interval 15.0 to 47.0) for the 95th quantile. For LW, the estimate of median spread rate was 42.0 year −1 (90% confidence interval 35.6 to 52.1) and the estimate of the 95th quantile was 59.0 km·year −1 (90% confidence interval 17.0 to 104.9). The estimates for the median and unconstrained spread rates for forest diseases were in the same range as those for insects. The estimate of the median spread rate for CB was 31.3 km¨year´1 (90% confidence interval 27.2 to 38.8) while the estimate of the 95th quantile was 37.3 km¨year´1 (90% confidence interval 37.3 to 37.4). DED was separated into the eastern and western subsets as mentioned above. For DED in the East, the estimate of the median spread was 24.6 km¨year´1 (90% confidence interval 3.9 to 31.5) while in the western subset the estimate of the median spread was 14.0 km¨year´1 (90% confidence interval 12.5 to 15.1). The estimates for the 95th quantile spread rates for DED was 32.8 km¨year´1 (90% confidence interval 27.4 to 47.0) for the East. For the western subset of DED the estimate of the 95th quantile was 25.8 km¨year´1 but the confidence interval was undefined. The estimate of the median rate of spread for BBD was 16.3 km¨year´1 (90% confidence interval 15.6 to 17.3) and the estimate of the 95th quantile was 19.2 km¨year´1 (90% confidence interval 14.1 to 21.6). The results for WPBR are also divided between eastern and western subsets. In the East the estimate of the median WPBR spread was 7.4 km¨year´1 (90% confidence interval 6.5 to 8.4) while in the western subset, the estimate of the median spread was 10.0 km¨year´1 (90% confidence interval 7.7 to 12.9). Estimates for DA were 12.5 km¨year´1 (90% confidence interval 10.8 to 13.9) for the median and 19.9 km¨year´1 (90% confidence interval 15.0 to 47.0) for the 95th quantile. For LW, the estimate of median spread rate was 42.0 year´1 (90% confidence interval 35.6 to 52.1) and the estimate of the 95th quantile was 59.0 km¨year´1 (90% confidence interval 17.0 to 104.9).
The estimated rates of spread in this analysis indicate individual insects are travelling much farther in a year than studies of individual dispersal for the species suggest. Dispersal of PSB was measured at 900 m [18] compared to the spread rate from this study of 16.5 km¨year´1. Individual EAB have been documented to travel 4 km [49] compared to 57.0 km¨year´1 from this study. HWA was documented Of the 12 previous estimated rates of spread for the species in this analysis, three were slower, seven were faster, and four analyses provided ranges which overlapped with those in this analysis. Morin and colleagues [52] estimate of BBD spread rate was 14.7 km¨year´1 which was outside the 90% confidence interval around the estimate 16.3 km¨year´1 from this analysis. The estimate for spread of EAB in this analysis is more than twice as fast as the previous estimate, which may be due to the fact that Prasad and colleagues [53] were only able to include range expansion through 2006. Similarly, spread estimates from this analysis of BBD are nearly twice as fast as Gibbs and Wainhouse [25] estimated.
In contrast, the estimate from this analysis of LW spread is slower than previous estimates that used three years of data [54] . The estimates in this study of spread of BWA are slower than Balch's estimate of 8 km¨year´1 [16] . Estimates for spread of SWW from South Africa and Australia (48 km¨year´1 and between 30 and 40 km¨year´1 respectively) are faster but within the 90% confidence interval for spread of SWW from this analysis [19] . My estimate of 11.7 km¨year´1 for GM is slower than Sharov and colleagues' estimate of 15.8 km¨year´1 based on data from the lower peninsula of Michigan [55] . Gibbs and Wainhouse [25] estimated a faster rate of spread for WPBR (30 to 40 km¨year´1) than the estimate from this analysis (7.4 km¨year´1 for the east and 10.0 km¨year´1 for the west). They also suggested a rate of 30 km¨year´1 with spot infestations up to 250 km further for CB [25] . Gravatt estimated CB spread to be 39 km¨year´1 [22] , which is just beyond our 90% confidence interval for the median rate of spread.
Three studies provided ranges that overlapped with the estimates in this analysis. The estimate for HWA from this analysis is in the middle of the range from Morin and colleagues (8.9 to 20.4 km¨year´1) [56] . The estimate of 11.7 km¨year´1 for GM from this study is in the middle of the range of previous estimates that range from 2.5 to 28.6 km¨year´1 [15, 30, 57] . For example, Liebhold and colleagues separated GM spread into temporal periods a 1900 to 1915 (9.45 km¨year´1), 1916 to 1965 a (2.82 km¨year´1), and 1966 to 1990 (20.78 km¨year´1) [15] . Tobin and colleagues give a similar range of spread rates for different time periods in different regions [30] . Sharov and colleagues also split GM spread into temporal periods with different rates of spread (16.9 km¨year´1 in 1984-1990 to 8.8 km¨year´1 in [1991] [1992] [1993] [1994] [1995] [1996] that bracket the estimate from this analysis [57] . In summary, previous estimates of spread do not appear to systematically over-or under-estimate spread rates in comparison to the rates presented in this analysis.
Discussion
The median rate of spread for the 13 insects and diseases was 16.3 km¨year´1. The range of spread rates is considerable with the fastest (EAB) spreading at a rate more than ten times the slowest (BWA). Even with this extensive database, comparison between the insects and diseases is difficult. The most obvious confounding factor is that a number of the diseases are vectored by insects. For example, DED is spread by bark beetles and an exotic ambrosia beetle is a vector for LW. The similarity in rates of spread may also be due to the lack of Allee effects in species such as HWA [58] . However, most of those species that rely on passive dispersal (BWA, HWA, DA, WPBR) have spread more slowly than those species that can fly long distances or are vectored by flying insects. CB is an exception to this pattern which may be due to ease of dispersal and the high density and contiguous distribution of its host throughout eastern forests.
This analysis highlights the difficulty of estimating spread rates from studies of individual dispersal or flight distances. For example, a study of PSB dispersal suggests a dispersal distance of 900 m though the distance could be greater with strong winds [18] . Based on this analysis, PSB spread is much more rapid, 16.5 km¨year´1, than the individual dispersal distance would suggest. Studies of individual EAB dispersal seem in conflict with the 57.0 km¨year´1 spread rate estimated here. In one study most EAB larvae (~90%) were found on trees within 100 m of previous infested tree [59] , but Siegert and colleagues [60] found most new infestations within 450 m of the previous infestation and one 683 meters away. Prasad and colleagues [53] estimated EAB's rate of spread to be about 20 km¨year´1 or less than half the estimate in this analysis. Their estimate was based on range expansion between 1998 and 2006 and a model of potential flight patterns. Measurements of adult EAB dispersal found only 1% traveled father than 4 km [49] . These rare, but important instances of long-distance dispersal are particularly hard to predict or build into models of spread (e.g., [61] ). A study of sudden oak death suggests that while most spread occurs via short-distance dispersal (<250 m), rare long-distance dispersal substantially accelerates epidemic spread [62] . Rare, but influential incidences of long-distance dispersal appear to limit the utility of individual dispersal measurements for the estimation of population spread.
The estimated spread rates in this study are generally in line with previous estimates of spread. However, where there were differences between estimates in this study and previous studies, the treatment of long distance dispersal may be an important factor. For example, Morin and colleagues [52] analyzed BBD but excluded disjunct locations and their estimate of spread rate was 14.7 km¨year´1, slower than the quantile regression estimate of 16.3 km¨year´1. In this analysis, new infestations were included regardless of the mode of transmission and consequently the estimates include human facilitated movement. Recent work has highlighted the importance of human facilitated movement, such as spread of infested firewood, particularly in long-distance dispersal [63, 64] .
Conclusions
A changing climate and increasing fragmentation mean that the history of invasive insect and disease spread through North American forests is not a perfect predictor of future invasions. In fact, a perfect predictor of the spread of future invasions is beyond reach because of the complexity of ecological interactions and human driven environmental change. However, past spread rates can help managers understand and react to future invasive species before a new invasion can be studied and new models prepared. The range of previous spread rates can provide important context for future models and call into question predictions of range expansion that fall outside the range of past spread rates, once differences between actively and passively dispersed species are taken into account.
